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Many virus-encoded RGD-containing proteins have been reported to play important roles in virus attachment and entry. Here we report the
identification and functional characterization of a gene encoding an RGD-containing protein (037L) from large yellow croaker iridovirus
(LYCIV), a causative agent of epizootics among large yellow croaker, Pseudosciaena crocea. The 037L gene is 1347 bp long and encodes a
protein of 449 amino acids containing a biologically active RGD tri-peptide predicted with SURFC and STRIDE software. Temporal analysis of
037L gene transcription showed that this gene was a late gene. Subcellular localization of 037L in insect Hi5 cells using baculovirus vector system
indicated that 037L might be a membrane-tropistic protein and functionally associated with the cytoplasma-membrane. The recombinant 037L
expressed in E. coli could effectively induce the morphological changes of BF-2 cells and promote cellular aggregation, demonstrating that it can
bind with surface molecules of BF-2 cells. The neutralization assay showed that LYCIV infection of BF-2 cells was significantly inhibited by anti-
037L IgG, as determined by a real-time PCR of viral concentrations in the culture supernatants of LYCIV-infected cells, suggesting that it might
have an important role in virus infectivity. This is the first report of the functional gene involved in virus infection and virus–host interaction in
Megalocytivirus.
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Iridoviruses are icosahedral cytoplasmic DNA virus that can
infect invertebrates and poikilothermic vertebrates, such as
insects, fishes, amphibians, and reptiles (Williams, 1996). The
viral genome is both circularly permutated and terminally
redundant and is a double-stranded DNA genome ranging from
103 to 212 kbp in length (Jancovich et al., 2003). Based on the
Eighth Report of the International Committee on Taxonomy of
Virus (ICTV), the family Iridoviridae has been subdivided into
five genera, including Iridovirus, Chloriridovirus, Ranavirus,
Lymphocystisvirus, and Megalocytivirus. Most fish iridoviruses
belong to members of the genera Ranavirus, Lymphocystisvirus,
andMegalocytivirus. Currently, ten entire genome sequences of
iridoviruses that can infect fish or other aquatic animals have
been reported (Do et al., 2004; He et al., 2001, 2002; Jancovich
et al., 2003; Lu et al., 2005; Song et al., 2004; Tidona and Darai,⁎ Corresponding author. Fax: +86 592 2085376.
E-mail address: Chenxinh@tom.com (X. Chen).
0042-6822/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2006.07.0041997; Tan et al., 2004; Tsai et al., 2005; Zhang et al., 2004).
Determination of the genome sequences of these iridoviruses
will facilitate the further study of the molecular mechanism of
virus infection and virus–host interaction in fishes.
In recent years, iridoviruses in the genus Megalocytivirus
have been identified to be the causative agents of serious
systemic diseases occurring in different freshwater and marine
fishes worldwide and are associated with high morbidity and
mortality. These viruses include red sea bream iridovirus (RSIV;
Inouye et al., 1992), sea bass iridovirus (Nakajima and
Sorimachi, 1995), grouper sleep disease iridovirus (Chua et
al., 1994), infectious spleen and kidney necrosis virus (He et al.,
2001), African lampeye iridovirus (Sudthongkong et al., 2001),
dwarf gourami iridovirus (Sudthongkong et al., 2002), rock
bream iridovirus (Jung and Oh, 2000), turbot reddish body
iridovirus (Shi et al., 2004), and orange-spotted grouper
iridovirus (Lu et al., 2005). Due to their serious ecological
and economic impact on wild and cultured fishes, megalocy-
tiviruses have attracted much research attention. At present,
three entire genomes of megalocytiviruses from different fish
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(ISKNV; He et al., 2001; accession no. AF371960), rock bream
iridovirus (RBIV; Do et al., 2004; accession no. AY532606),
and orange-spotted grouper iridovirus (OSGIV; Lu et al., 2005;
accession no. AY894343) have been completely sequenced.
However, the key functional genes, especially those involved in
virus infection, replication, and virus–host interaction have
been little characterized and documented in these iridoviruses,
and the molecular mechanism of virus infection and entry
remains unknown.
The Arg-Gly-Asp (RGD) peptide is the minimal protein
motif involved in the cell attachment. Proteins that contain the
RGD attachment site, together with the integrins that serve as
receptors for them, constitute a major recognition system of cell
adhesion (Ruoslahti, 1996). The RGD-containing proteins have
been found in several clinically important viruses, such as the
foot and mouth disease virus (FMDV; Berinstein et al., 1995),
human immunodeficiency virus type-1 (HIV-I; Brake et al.,
1990), human coxsackievirus A9 in Enterovirus genus
(Williams et al., 2004), and human herpesvirus-8 (HHV-8;
Wang et al., 2003), and their functions in virus entry and virus–
cell interaction have also been identified. It has been reported
that the capsid protein VP1 of FMDV can help the internaliza-
tion of virus through the binding between its specific RGDFig. 1. Nucleotide sequence and deduced amino acid sequence of the 037L gene of lar
residues 65–67 is shown in bold and italicized; RGD motif and its flanking aminomotif and cellular integrin αVβ3 and that any change of amino
acids of the RGDmotif can cause the decrease of virus attaching
efficiency (Berinstein et al., 1995). Tat protein containing an
RGD motif in HIV has been identified to be involved in the
virus entry (Brake et al., 1990). Glycoprotein B (gB) of HHV-8
mediates the virus entry through its RGD motif, and the
synthesized RGD peptide, anti-gB antibody, and soluble
integrin can inhibit the HHV-8 infection (Wang et al., 2003).
These results show that RGD-mediated attachment is one of the
mechanisms of virus recognition by cells in infection
(Baranowski et al., 2001).
Large yellow croaker iridovirus (LYCIV) was first isolated as
a causative agent of lethal infections from large yellow croaker,
Pseudosciaena crocea, an economically important fish species
of mariculture in China, in 2001 and was defined as an
icosahedral virus with a 140–160 nm diameter (Chen et al.,
2003). Infected fish display paleness of the gills, congestion of
the liver, and hypertrophy of the spleen and kidney (Chen et al.,
2003). Based on the histopathology, morphology, and molecular
biological characteristics, LYCIV has been assigned to the genus
Megalocytivirus (http://www.ncbi.nlm.nih.gov/Taxonomy/
Browswer/wwwtax.cgi?name=Viruses). Recently, the complete
genomic DNA of LYCIV has been sequenced and five putative
open reading frames (ORFs) encoding the RGD domain-ge yellow croaker iridovirus (Genbank accession no. DQ409218); RGD motif at
acids are underlined; three potential N-glycoslation sites are boxed.
Fig. 2. Transcriptional analysis of 037L gene in LYCIV-infected BF-2 cells. RT-
PCR with the gene-specific primers was performed using the total RNAs
extracted from LYCIV-infected BF-2 cells at different hours post-infection
(h p.i.); (A–D) RT-PCR with LYCIV TATP gene, ATPase gene, LEGFP gene,
and 037L gene-specific primers, respectively; (E) RT-PCR with piscine β-actin-
specific primers as the internal control. Lane M: 100 bp DNA ladder; lane
headings showed h p.i. (0, 3, 9, 12, 18, 24, 48, and 72 h p.i.).
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accession no. AY779031).We analyzed the biological activity of
the RGD motif in these five ORFs using SURFC and STRIDE
software (Frishman and Argos, 1995; Torshin, 1999, 2002). The
one with the highest putative RGD activity (037L) was selected
for the cloning, transcriptional analysis, subcellular localization,
and functional characterization.
Results
Gene cloning and RGD activity analysis
The complete genome of LYCIV has been characterized
recently, which is 111,767 bp long and contains 126 predicted
ORFs (accession no. AY779031). When the motif scanning of
all ORFs in LYCIV genome was performed, we found five
putative ORFs encoding proteins with an RGD structure, which
is believed to be the minimal motif involved in cell attachment
through the RGD–integrin interaction (Ruoslahti, 1996).
However, not all RGD-containing proteins mediate cell attach-
ment, as the RGD sequencemay not be available at the surface of
the protein or may be in a context that is not compatible with
integrin binding. It should be in a certain structural and
conformational environment to exert its function (Ruoslahti,
1996; Torshin, 2002). Based on the studies of 3819 proteins in
Protein Data Bank (http://www.rcsb.org/pdb/), Torshin pro-
posed two structural criteria for the biologically active RGD
peptide: the total sequence accessibility of the RGD sequence
{sum (rgd)} should be higher than a cut-off value, 32 Å2, so that
the RGD sequence is accessible at the protein surface. Also RGD
sequences should be preferably placed on loops or beta-turns,
but not on helices or strands, thus, the RGD motif is in a
favorable context for integrin binding. Torshin designed two
pieces of software, SURFC and STRIDE, to calculate the surface
accessibility and analyze the secondary structure of an RGD-
containing protein (Torshin, 2002). In this study, the deduced
protein sequences of all five ORFs with an RGD motif were
subjected to SURFC and STRIDE software analysis (Torshin,
2002). The results showed that one of them, ORF 037L, is most
probable to be RGD active. Then the 037L gene was amplified
from genomic DNA of LYCIV with the specific primers above.
Sequence results showed 037L gene is 1347 bp long and
encodes a 449-amino-acid protein containing an RGD motif at
residues 65–67 (Fig. 1). The solvent accessibility of this RGD
sequence was calculated to be higher than 32 Å2, and its
secondary structure prediction is shown below:
TTSPRGDTSTAVT (residues 61–73 in the 037L)
LLLLLLLLLLSSS
Here “L” (loop) corresponds to an active RGD, and “S”
(strand) may be either active or inactive, but is more likely to be
active due to the higher surface accessibility of this RGD
sequence. There is no “H” (helix) which is likely to inhibit RGD
activity even if RGD itself is not on helix but near to it.
Moreover, the amino acid at the fourth position of RGD is
theronine (RGDT: underlined), which has been identified to becritical for the interaction of protein with intergrin via its RGD
motif (Plow et al., 2000). Thus, RGD motif in the 037L protein
is in a favorable conformational and structural environment for
its activity. The gene was then chosen for further study of
functional characteristics.
Transcriptional analysis of 037L gene
The three genes of LYCIV, coding for TATP, ATPase, and
LEGFP, respectively, were used as controls to determine the
temporal transcription of 037L gene on BF-2 cells. RT-PCR was
performed to detect the gene-specific transcripts in the total
RNA extracted from LYCIV-infected BF-2 cells at different
time points p.i. (0, 3, 9, 12, 18, 24, 48, 72 h p.i.). As shown in
Fig. 2, the transcript of TATP gene (IE gene) was detected as
early as 3 h p.i., and the transcript of ATPase gene (E gene) was
first detected at 9 h p.i. In contrast, the transcript of 037L gene,
like that of LEGFP gene (L gene), could be slightly detected at
12 h p.i. and reached the highest levels at 48h p.i.
Production and purification of recombinant 037L
The 037L gene was cloned into the pThioHis-A vector and
expressed in E. coli BL21 cells. After IPTG induction, induced
and non-induced pThioHis-037L/BL21 and pThioHis-A/BL21
(the vector control) were analyzed by SDS-PAGE. A 67kDa
band corresponding to thioredoxin-037L fusion protein (thior-
edoxin 16 kDa+037L 51 kDa) was observed in the induced
pThioHis-037L/BL21, while no protein band was found at the
same position of the non-induced pThioHis-037L/BL21,
induced or non-induced pThioHis-A/BL21 (Fig. 3). The
Fig. 4. Expression of the 037L gene in Hi5 insect cells. (A) Hi5 cells infected by
recombinant baculovirus AcMNPV/GFP. Magnification: ×200; (B) Hi5 in cells
infected by recombinant baculovirus AcMNPV/037L-GFP. Magnification:
×300.
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purified using NI-NTA affinity chromatography and used as
antigen to produce antibody or used for cell assays.
Subcellular localization of 037L in Hi5 insect cells
In our previous experiments, two recombinant plasmids of
pcDNA3.0/GFP (containing GFP gene) and pcDNA3.0/037L-
GFP (containing 037L and GFP genes in a same expression
cassette) were constructed and transfected BF-2 cells with
Lipofectamine 2000 (Invitrogen), respectively. But no obvious
fluorescences were observed in these transfected cells, possibly
because of lower transfection efficiency or very low expression
levels in BF-2 cells (data not shown). Baculovirus expression
vector system was then picked up for co-localization of 037L
with GFP in insect cells. The resulting recombinant viruses of
AcMNPV/GFP and AcMNPV/037L-GFP were used to infect
the independent samples of Hi5 insect cells. Three days after
infection, Hi5 cells were subjected to fluorescent observation.
In AcMNPV/GFP-infected Hi5 cells, GFP displayed a homo-
genous distribution in the cytoplasm and nucleus, while the
fluorescence was primarily distributed on the plasma membrane
in AcMNPV/037L-GFP-infected cells (Fig. 4), suggesting that
the 037L-GFP fusion protein was localized on the plasma
membrane.
Morphological changes of BF-2 cells induced by recombinant
037L
BF-2 cell monolayers were incubated with 100 μl of Thio-
037L protein, thioredoxin, and mixture of Thio-037L protein
and anti-Thio-037L IgG, respectively. 30 min later, BF-2 cells
treated with Thio-037 protein (2.5 μg) exhibited significant
morphological changes such as rounding, detachment and
aggregation under microscopy, whereas no obvious morpholo-Fig. 3. SDS-PAGE of expressed and purified Thio-037L protein. Lane 1:
molecular weight standards; lane 2: pThioHis-A/BL21, non-induced; lane 3:
pThioHis-A/BL21, induced; lane 4: pThioHis-A-037L/BL21, non-induced; lane
5: pThioHis-A-037L/ BL21, induced; lane 6: purified Thio-037L fusion protein.gical changes were observed in cells incubated with thioredoxin
(2.5–7.5 μg) (Figs. 5B, C), suggesting that 037L can effectively
induce the morphological changes of BF-2 cells and promote
the cellular aggregation. However, these morphological changes
could be blocked by anti-Thio-037L IgG, as cells treated with a
mixture of Thio-037L protein and anti-Thio-037L IgG (2.5 μg
Thio-037L protein and 0.2 μg IgG) showed no significant
morphological change (Fig. 5D). These cells remained viable,
and no significantly increased LDH levels were detected in
supernatants treated with the Thio-037L protein, ruling out the
possibility that the recombinant 037L with a final concentration
of 25 μg/ml has a cytotoxic effect on BF-2 cells (data not
shown). These results suggested that 037L could bind with
some cell surface molecules, thus resulting in the morphological
changes of BF-2 cells.
Neutralization assay on BF-2 cells
To determine whether the 037L protein was involved in virus
infection, the blocking of LYCIV infection of BF-2 cells by anti-
Thio-037L IgG was analyzed by quantifying the viral
concentrations of cell culture supernatants inoculated with
Fig. 5. Morphological changes of BF-2 cells induced by binding of 037L protein. (A) BF-2 cells; (B) BF-2 cells incubated with Thio-037L fusion protein; (C) BF-2
cells incubated with thioredoxin; (D) BF-2 cells incubated with a mixture of Thio-037L and anti-Thio-037L IgG.
Fig. 6. Viral loads of BF-2 cell culture supernatants inoculated with differently treated LYCIV suspension at each day p.i., measured using real-time mPCR. Viral loads
were expressed as log10 viral genomes per milliliter of supernatant. Each point represents the average plus or minus standard error of three experiments with each
LYCIV suspension.
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showed that the viral load in cell culture supernatants infected
with a mixture of LYCIV and anti-Thio-037L IgG was
significantly lower than that of BF-2 cells infected with
LYCIV, or a mixture of LYCIV and anti-Thio IgG from day 5
p.i. (t=3.252, P<0.05; t=2.787, P<0.05, respectively), and at
10 day p.i. the viral loads of cell culture supernatants infected
with a mixture of LYCIV and anti-Thio-037L IgG, LYCIV and
anti-Thio IgG, and only LYCIV were 5.97±0.18, 7.60±0.11
and 7.65±0.13 viral genomes per ml, respectively (Fig. 6).
However, the viral load of cell culture supernatants infected
with LYCIV did not differ significantly from that infected with
the mixture of LYCIV and anti-Thio IgG (P>0.05 each day).
The great reduction in the viral concentration of cell culture
supernatants inoculated with LYCIV and anti-Thio-037L IgG
indicated that LYCIV infection could be severely affected or
delayed by anti-Thio-037L IgG, suggesting that 037L contain-
ing an RGD structure might be involved in LYCIV infection.
Discussion
At present, three entire genomes of megalocytiviruses from
different fish species, such as ISKNV (He et al., 2001), RBIV
(Do et al., 2004), and OSGIV (Lu et al., 2005) have been fully
characterized. However, the key functional genes, especially
those involved in virus infection, replication, and virus–host
interaction have not been characterized. LYCIV was first
isolated as a causative agent of lethal infections from large
yellow croaker in 2001 (Chen et al., 2003). Recently, the
complete genomic DNA of LYCIV has been sequenced
(accession no. AY779031) and five putative ORFs encoding
the RGD-containing proteins were found in its genome. It has
been demonstrated that some virus-encoded RGD-containing
proteins can bind with the surface receptors (integrins) of host
cells and play a major role in virus entry and infection (Brake et
al., 1990; Berinstein et al., 1995; Wang et al., 2003; Williams et
al., 2004). However, not all RGD-containing proteins mediate
cell attachment (Ruoslahti, 1996; Torshin, 2002). Based on the
studies of 3819 proteins in Protein Data Bank, Torshin proposed
two structural criteria for the biologically active RGD peptide
and designed two pieces of software, SURFC and STRIDE, to
calculate the surface accessibility and analyze the secondary
structure of the RGD-containing protein (Torshin, 2002). In this
study, we further analyzed the biological activity of the RGD
motif in these five ORFs using SURFC and STRIDE software.
The results showed the solvent accessibility of the RGD in 037L
is higher than a cut-off value (32 Å2), and this RGD sequence is
in a favorable conformational and structural environment to be
biological activity (Torshin, 2002). Moreover, 037L protein
possesses a threonine at the fourth position of the RGD motif
(RGDT), which was considered to be critical in interacting with
integrin (Plow et al., 2000). Therefore, the 037L gene was
selected for further characterization.
The 037L gene is 1374 bp long and encodes a 458-amino-
acid protein containing an RGD motif at residues 65–67.
Transcriptional analysis showed that the expression time-course
of the 037L gene was consistent with that of LEGFP gene (Fig.2), suggesting that the 037L gene was a late gene. Late genes of
viruses are expressed after the onset of DNA replication and
encode mainly structural proteins of viral particles (Ebrahimi et
al., 2003; Lua et al., 2005). We concluded that 037L gene may
encode a virus structural protein. This conclusion was identified
by Western blotting analysis of the purified virons (data not
shown). To trace the subcellular localization of 037L, we
expressed 037L as a fusion protein with GFP in insect cells
using the baculovirus expression vector system. Interestingly,
we observed that expressed 037L-GFP fusion proteins were
distributed on the plasma membrane of AcMNPV/037L-GFP-
infected Hi5 cells while GFP only displayed a homogenous
distribution in the cytoplasm and nucleus of AcMNPV/GFP-
infected Hi5 cells (Fig. 4). It has been reported that heterologous
proteins produced in insect cells with baculovirus vectors may
be transported into different subcellular locations according to
their authentic functions (Kuroda et al., 1986; Miyamoto et al.,
1985; Mikhailov et al., 2002). So we concluded that 037L might
be a membrane-tropistic protein and functionally associated
with the cytoplasma-membrane.
In several viruses, the RGD-containing proteins can induce
the morphological changes of target cells by binding to the cell
surface receptors (Brake et al., 1990; Wang et al., 2003). Here,
we found that the recombinant 037L protein could effectively
induce the morphological changes of BF-2 cells such as
rounding and cell aggregation (Fig. 4B), which was similar to
the morphological changes of human foreskin fibroblasts
(HFFs) treated by the recombinant HHV-gB (Wang et al.,
2003) and that of rat Ls adherent myoblasts (Ls cells) induced
by HIV Tat protein (Brake et al., 1990). These morphological
changes were probably due to the clumping of integrin
molecules and actin cytoskeleton rearrangement caused by the
binding of the RGD motif in HHV-gB or HIV Tat proteins to
target cells, thus lifting cells from the substrate (Wang et al.,
2003). Therefore, we presume that the morphological changes
of BF-2 cells were induced by the binding of the RGD motif of
037L to target cells. To confirm this hypothesis, a mutation
experiment of the RGD motif needs to be done.
The RGD-containing proteins have been identified to be
involved in virus infection and virus–host interaction by their
RGD motif interaction with the host cell surface receptors
(Brake et al., 1990; Berinstein et al., 1995; Wang et al., 2003;
Williams et al., 2004). To investigate whether 037L was
involved in virus infection, a neutralization assay using
antibodies against 037L protein was performed on LYCIV-
infected BF-2 cells. The blocking effect of virus infection was
evaluated by detecting viral concentrations in cell culture
supernatants inoculated with different LYCIV suspensions by
mPCR. The result suggested that 037L could be involved in
LYCIV infection of BF-2 cells by participating in virus
attachment and binding to target cells. Future experiments
need to be performed to confirm whether 037L is involved in
LYCIV infection, and the precise role of RGD sequence
interaction with target cells in LYCIV attachment and infection.
In conclusion, a novel gene encoding an RGD-containing
protein (037L) was cloned and characterized from large yellow
croaker iridovirus (LYCIV). The 037L gene was a late gene and
Table 1
Primers used for transcriptional analysis
Genes Nucleotide sequences of primers PCR product
size (bp)
Genbank
accession no.
037L Forward:
ATGGTGGAC GCT ATC ATT
1347 DQ409218
Reverse:
CTAGAAACATATCACTAC
TATP Forward:
ATGGCACCGTGTGTACTACA
779 DQ679957
Reverse:
ATCTTGCCATCTAATGTGGC
ATPase Forward:
ATGGAAATCCAAGAGTTGTC
720 AY165049
Reverse:
TTACACCACGCCAGCCTTGT
LEGFP Forward:
CGAGAGACGGATGTGAAG
892 DQ679958
Reverse:
TCCGTCATGTTGCAGTGCA
β-actin Forward:
GACCTGACAGACTACCTCATG
290 CX348628
Reverse:
AGTTGAAGGTGGTCTCGTGGA
TATP: transmembrane amino acid transporter protein.
LEGFP: laminin-type epidermal growth factor-like protein.
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morphological changes of fish cells in vitro. 037L might be a
membrane-tropistic protein by subcellular localization analysis
and might have an important role in LYCIV attachment and
entry. Further studies on 037L will be helpful for a better
understanding of the molecular mechanism of virus infection
and entry and for the control of LYCIV infection in aquaculture
industry.
Materials and methods
Cells and virus
Bluegill fry cells (BF-2 cells; ATCC, USA) were cultured in
Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL)
plus 10% fetal bovine serum (FBS; Gibco-BRL) at 25 °C.
LYCIV was isolated from the diseased large yellow croaker as
indicated before (Chen et al., 2003).
Sequence and computer-assisted analysis of LYCI 037L gene
Complete genomic DNA sequence of LYCIV has been
determined recently, which consisted of 111767 bp and
contained 126 predicted ORFs (unpublished data; accession
no. AY779031). Based on the motif scanning of all ORFs in
LYCIV genome, we found five ORFs with their deduced amino
acid sequences containing an RGD motif. All these 5-amino-
acid sequences were then subjected to the RGD activity analysis
using the SURFC and STRIDE software, which evaluate the
RGD activity of a peptide based on its surface accessibility
calculation and secondary structure prediction (Frishman and
Argos, 1995; Torshin, 1999; Torshin, 2002).
Transcriptional analysis of 037L gene on BF-2 cells
Three genes of LYCIV, coding for transmembrane amino acid
transporter protein (TATP), ATPase, and laminin-type epidermal
growth factor-like protein (LEGFP), respectively, were shown to
be present in RSIV and shared 97, 100, and 76% nucleotide
sequence identities to the corresponding genes in RSIV
(ORF396R, accession no. AAT71816; ORF407R, accession
no. AB007367; ORF291L, accession no. AAT71838, respec-
tively). The TATP, ATPase, and LEGFP genes of RSIV have
been identified as being immediate-early (IE), early (E), and late
(L) genes by a DNA microarray analysis, respectively (Lua et
al., 2005). So these three genes in LYCIV were used as controls
to determine the temporal transcription of 037L gene on BF-2
cells. The gene-specific primers used for transcriptional analysis
are designed based on the encoding sequences of these genes as
shown in Table 1.
For virus infection, about 2×105 BF-2 cells were inoculated
into each of twenty-four 35-mm tissue culture flasks and
incubated at 25 °C overnight. 150 μl of 105 plaque forming
units per milliliter (PFU/ml) of LYCIV were inoculated into
each flask. BF-2 cells were collected from three flasks at each
time point after 0, 3, 9, 12, 18, 24, 48, and 72 h of infection,
respectively. Total RNAwas extracted from three flasks of cellscollected at each time point using Trizol Reagent (Invitrogen)
according to the manufacture's instruction. After a treatment
with the RNase-free DNase I (Takara, Dalian, China), the total
RNA (3 μg) from each time point was reverse transcribed with
AMV reverse transcriptase (Takara, Dalian, China) using gene-
specific reverse primer mixture. The cDNAs from each time
point were then subjected to PCR with specific primers for each
gene (Table 1). The PCR cycles were as following: 94 °C for
3 min followed by 29–31 cycles of 94 °C for 30 s, 55 °C for
1 min, and 72 °C for 1 min, and a final elongation step at 72 °C
for 5 min. The cycle number was optimized for different genes.
The piscine β-actin gene was used as the internal control for RT-
PCR with a specific primer set (Table 1).
Production and purification of recombinant 037L
The 037L was expressed as a fusion protein with thioredoxin
(Thio) using a pThioHis-A vector in the E. coli BL21 strain
(Invitrogen). The 037L gene was amplified using the following
primers: forward primer: 5′-CAT GAG CTC ATG GTG GAC
GCT ATC ATT-3′ with a SacI digestion site (underlined);
reverse primer: 5′-GCG GAA TTC CTA GAA ACA TAT CAC
TAC-3′ with a EcoRI digestion site (underlined). The PCR
product was purified, digested and cloned into the SacI and
EcoRI digested plasmid vector pThioHis-A. The resulting
plasmid was named pThioHis-037L. The competent cells of E.
coli BL21 were transformed by pThioHis-037L and pThioHis-
A (as a vector control). The colonies containing transformants
were screened by PCR and confirmed by DNA sequencing.
Thio-037L fusion protein was expressed by 1 mM isopropyl-
beta-D-thiogalactopyranoside (IPTG) induction for 4h at 37 °C
and SDS-PAGE was performed for analysis of protein
expression. The recombinant Thio-037L protein was then
220 J. Ao, X. Chen / Virology 355 (2006) 213–222purified by NI-NTArilotriacetic acid (NTA) affinity chromato-
graphy according to QIAexpressionist handbook (Qiagen), and
quantitated by spectrophotometry (ULtrospec2100 pro, Phar-
macia). The recombinant thioredoxin was also expressed and
purified as a control.
Antiserum preparation
The purified recombinant Thio-037L proteins were used as
antigen to produce the antiserum. Briefly, mice were immunized
by intradermal injection of the purified Thio-037L protein for
four times over an 8-week period. Five micrograms of purified
Thio-037L was mixed with an equal volume of Freund's
complete adjuvant (Gibco-BRL) for the first injection. Sub-
sequent injections were conducted using 5 μg purified protein
mixed with an equal volume of Freund's incomplete adjuvant
(Gibco-BRL). Four days after the last injection, mice were
exsanguinated and antisera were collected. The IgG fraction of
antiserum was purified by protein A–Sepharose Fast Flow
(Amersham). After determining the titre by ELISA, anti-Thio-
037L IgG was stored at −70 °C. Meanwhile, mice anti-pThio
IgG was also prepared as above.
Subcellular localization of 037L in insect Hi5 cells
A subcellular localization of 037L in Hi5 cells was
performed using baculovirus vector system. Two recombinant
baculovirus AcMNPV/GFP (containing green fluorescence
protein gene) and AcMNPV/037L-GFP were constructed
using the BAC-TO-BAC® Baculovirus Expression Systems
(Gibco-BRL) according to the producer' manual. Briefly, GFP
gene was amplified from plasmid of pBluescript II KS-GFP (a
generous gift from the State Key Laboratory for Biocontrol, Sun
Yet-Sen University, PR China) with the gene-specific primers:
forward primer: 5′-TCTAGAATGGGCAAAGGAGAAGAA-3′
with a XbaI digestion site (underlined); reverse primer: 5′-
CTCGAGTTATTTGTATAGTTCATC-3′ with a XhoI digestion
site (underlined), and cloned into a pFASTBACHTa vector and
under the control of polyhedrin promoter. The generated
recombinant plasmid was named pFASTBACHTa-GFP. Then
037L gene was inserted into the plasmid pFASTBACHTa-GFP
upstream of GFP gene and located in a same expression
cassette with GFP. The resulting recombinant plasmids of
pFASTBACHTa-GFP and pFASTBACHTa-037L-GFP were used
to produce recombinant Bacmids by transforming DH10BAC
competent cells (provided by Gibco-BRL) according to the
recommended protocols. Recombinant Bacmid DNAs con-
taining the insert were extracted and transfected insect Hi5
cells to produce the recombinant viruses AcMNPV/GFP and
AcMNPV/037L-GFP. Then the obtained recombinant viruses
AcMNPV/GFP and AcMNPV/037L-GFP were used to
infect Hi5 insect cells (provided by the State Key Labo-
ratory for Biocontrol, Sun Yet-Sen University, PR China) at a
multiplicity of infection (MOI) of 5–8, respectively. Infected
Hi5 cells were observed for the fluorescence distribution at
72 h post-infection (p.i.) under the microscope (Olympus
IX70).Morphological changes of BF-2 cells induced by recombinant
037L
About 105 BF-2 cells were seeded into each well of a 12-well
culture plate and cultured at 25 °C overnight. Three groups of
protein samples were prepared for this assay as following: the
purified Thio-037L protein and thioredoxin (as a negative
control) were diluted with sera-free DMEM (pH 7.2; Gibco-
BRL) to a final concentration of 25 μg/ml, respectively. In the
third group, Thio-037L protein was mixed with anti-Thio-037L
IgG (final concentration: 25 μg Thio-037L protein/ml, 2 μg
IgG/ml) and incubated at room temperature for 45 min before
being added to cell monolayers. A protein sample of 100 μl
from each group above was inoculated onto three wells
respectively after the culture medium was removed. Each of
the other three wells was added with 100 μl of sera-free DMEM
instead of protein samples as a mock treatment. After 30 min of
incubation at room temperature, cells in each well were
observed for the morphological changes under the microscope
(Olympus IX70).
For cytotoxicity assay, BF-2 monolayers were incubated
with the Thio-037L protein above (final concentration of 25 μg/
ml) at room temperature, and untreated BF-2 cells were
supplemented with a same volume of sera-free DMEM as a
control. Supernatants were collected from each group at
different time points (0, 15, 30, 45 min) and detected for
lactate dehydrogenase (LDH) activity with a LDH cytotoxicity
assay kit (Biovision). The cytotoxicity was assessed by
comparing LDH levels in supernatants treated with the Thio-
037L protein and control supernatants at different time points.
Neutralization assay on BF-2 cells
To determine whether 037L was involved in the virus
infection, inhibition of LYCIV infection on BF-2 cells by
antibodies against the recombinant 037L was analyzed. The
blocking effect of virus infection was evaluated by detecting the
viral concentrations in culture supernatants of LYCIV-infected
BF-2 cells with a molecular beacon real-time PCR (mPCR),
which was developed for quantitative detection of LYCIV
infection previously (Wang et al., 2006). Briefly, mPCR was
performed in triplicate for each sample in a 25 μl reaction
volume containing 2.5 μl PCR buffer, 2 mM MgCl2, 0.3 mM
dNTPs, 0.25 μM each of forward and reverse primers (P1:
CGTCACTGGAATGTTCTGGT; P2: TTGTCCACACATGT-
CTGGCT), 0.5 μM molecular beacon (5′-FAM-GCCAGCC-
GTCTATACAACACCTCAGGctggc-DABCYL-3′), 3 μl of
template DNA extracted from the infected supernatant and 2.5
U Taq DNA polymerase. PCR conditions in Rotor-Gene 3000
Fluorescence cycler (Corbett Research) consisted of one cycle
of initial denaturation of 3 min at 94 °C, followed by 45 cycles
of 30 s at 94 °C, 45 s at 54 °C and 45 s at 72 °C, and a final
incubation for 10 min at 72 °C. Fluorescent data were acquired
during each annealing phase and linear coefficient correlations
between cycle threshold (CT) values and logarithmic positive
template concentrations were close to one (r2 =0.998). The
relation between the CT values and corresponding concentra-
221J. Ao, X. Chen / Virology 355 (2006) 213–222tions of the template were denoted as: CT=−2.26Log (copies/
reaction)+29.77 (Wang et al., 2006).
For virus infection, about 2×105 cells were inoculated into
each well of a 12-well culture plate. Four plates were prepared
for different inoculations respectively. Prior to inoculation,
LYCIV suspension was incubated with anti-Thio-037L IgG or
anti-Thio IgG as control (final concentration 2 μg IgG/ml, 106
PFU/ml of LYCIV) for 45 min at 25 °C. Then, 150 μl of LYCIV
and antibody mixture was inoculated into each cell monolayer
of a 12-well plate, respectively. At the same time, 150 μl of 106
PFU/ml of LYCIV was also inoculated into each cell monolayer
of a 12-well plate as a positive control, and the sterilized
phosphate-buffered saline (PBS, pH 7.2) was inoculated as a
negative control. The inoculums were removed from each well
of plates after incubating for 45 min at 25 °C and 1.5 ml of
DMEM culture medium was added to each. For each treatment,
0.5 ml of cell culture supernatant was collected from each well
every day for 11 days, and viral DNA was extracted using the
method described previously (Wang et al., 2006). Viral
concentrations (genomes per milliliter of supernatant) were
determined by mPCR at each time point. Viral loads were
expressed as log10 viral genomes per milliliter (ml) of
supernatant, averaged over the three quantitative PCR repli-
cates. Two-tailed student t-test was used for the significance test
of viral load between two groups each day. A P value of <0.05
was considered to be statistically significant.
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